Ambient temperature conductive plastic crystal phases of alkylmethylpyrrolidinium trifluoromethanesulfonyl amide (TFSA) salts are studied using positron annihilation lifetime spectroscopy (PALS) to examine the role of vacancy size and concentration in conductivity. The ethyl methylpyrrolidinium TFSA salt (P 12 TFSA) has larger vacancies and a greater concentration of vacancies than the dimethylpyrrolidinium TFSA salt (P 11 TFSA) over the temperature range investigated. The relative vacancy size and concentration vary with temperature and reflect the solid -solid transitions as measured by differential scanning calorimetry (DSC). P 12 TFSA has greater conductivity than P 11 TFSA and has furthermore been observed to exhibit slip planes at room temperature. P 12 TFSA has greater entropy changes associated with solid -solid phase transitions below the melting point than P 11 TFSA possibly indicating greater rotational freedom in P 12 TFSA. These results support the notion that the diffusion, conduction, and plastic flow properties of the pyrrolidinium TFSA salts are derived from the lattice vacancies. Crown
Introduction
There exists a need for room temperature conducting solids for electrolyte applications in devices such as fuel cells and batteries in order to overcome stability limitations of liquid electrolytes. This need has driven research in solid polymer electrolytes, where the desired room temperature conductivity is of the order 10 À3 S cm À1 in order to effectively compete with liquids. One promising class of compounds that display room temperature conductivity is ionic plastic crystal electrolytes. Cooper and Angell [1] first reported plastic crystal materials with measurable room temperature conductivity.
Molecular compounds exhibiting plastic crystal phases have been described by Timmermans [2] and are typified by a low entropy of fusion (<20 J mol À1 K À1 ) such that the entropy of the solid state is close to that of the liquid. Solid-state crystalline phases that have rotator motions and/or orientational disorder can fulfil the criterion of low entropy of fusion; these materials are composed of nearly spherical molecules such that the centres of mass form a regular crystal while some disorder exists in the molecular orientations. These phases also exhibit high 'plasticity' or inelastic flow compared to normal crystalline phases, and hence the name plastic crystal. This almost liquidlike disorder (or defect mobility) in the solid state results in almost liquid-like conductivity-making these materials attractive candidates for solid electrolyte applications. The high conductivity in the solid state has been attributed to high concentration of mobile defects (vacancies or dislocations) [3] .
In this work, conductive plastic crystal phases of two organic salts, dimethylpyrrolidinium trifluoromethanesulfonyl (P 11 TFSA) and ethyl methylpyrrolidinium trifluoromethanesulfonyl (P 12 TFSA), are investigated in order to examine the role of vacancy structure and defect dynamics in conductivity. MacFarlane et al. [4, 5] discovered these plastic crystal solid phases with room temperature conductivities of >10 À5 S cm À1 when doped with Li ions and >10 À8 S cm À1 in the undoped state. In salts of quaternary alkyl-ammonium cations with anions of high symmetry, ionic conductivity in plastic crystal phases has been described using a vacancy migration model [6] . It is thought that the diffusion, conduction, and plastic flow properties of the pyrrolidinium TFSA salts are derived from the lattice vacancies although the mechanism of the conduction process has not been elucidated [3] . In this work, the positron annihilation lifetime spectroscopy (PALS) technique is used to examine the variation in vacancy size and concentration as P 11 TFSA and P 12 TFSA are each heated through three crystalline phases, the higher temperature phases being thought to be plastic crystal. Examination of two compounds in the family allows some comment on the inherent role of materials chemistry in conductivity.
Some introduction to the PALS technique is given for the unfamiliar reader. Positrons (anti-particle electrons) injected into molecular solids may exist as free positrons or form a bound state known as positronium, Ps. The singlet state (S=0) of Ps, paraPositronium (pPs), undergoes self-annihilation with a lifetime of f125 ps and is not an effective probe of molecular structure. The longer-lived triplet state (S=1) of Ps, orthoPositronium (oPs) is a semi-stable atom composed of a positron and an electron with parallel spins. In a vacuum, oPs decays in 142 ns, but in a molecular solid the high electron density makes it most probable that the oPs will annihilate with an electron of the molecules. The annihilation event between oPs and an electron with opposite spin (pick-off annihilation) reduces the oPs lifetime to a few nanoseconds. Before annihilation, the oPs will localize in a vacancy with a lifetime that is a function of the exchange interaction between the oPs electron and the electrons bound to the molecules surrounding the vacancy. As the vacancy gets larger, the exchange probability (probability of wave function overlap) decreases and the oPs lifetime increases. PALS analysis of molecular solids typically gives two to four distinct time intervals for positron lifetimes, ranging from f100 ps to f3 ns. For a three-component analysis, the long-lived component lifetime is represented by s 3 . The long-lived component is typically attributed to ortho-positronium annihilation if the lifetime is between 1 and 3 ns.
Interpretation of the long-lived (s 3 >1 ns) component in molecular solids in terms of vacancies was introduced by Brandt et al. [7] . Cooper et al. [8] first used positron annihilation to study polymorphism in the plastic crystal cyclohexane and showed that the long-lived component (f1 to 2.6 ns) displayed a large discontinuity at the solid -solid phase transition. Lightbody et al. [9] systematically studied solid -solid phase transitions in a number of plastic crystals and confirmed that oPs forms in plastic crystals and is trapped in lattice vacancies. The lifetime of the oPs component (s 3 ) reflects the vacancy size. The statistical weight of the oPs component (I 3 ) reflects the formation probability and trapping rate, the latter of which is proportional to the vacancy concentration. Here we report for the first time the study of conducting plastic crystal phases of pyrrolidinium TFSA salts using PALS and examine the link between vacancy structure and conduction and plastic flow properties of these materials.
Experimental
The N-alkyl-N-methylpyrrolidinium iodides were synthesized as described in Ref. [4] . The compounds were prepared by a metathesis reaction from the corresponding iodide salt. The cation nomenclature is abbreviated to P 1x where P indicates the pyrrolidinium cation, the subscript 1 indicates the N-methyl substituent and the subscript x indicates the carbon number of the other N-alkyl substituent.
PALS measurements were performed using an automated EG&G Ortec fast -fast coincidence system. Two identical samples were placed on either side of a 22 NaCl/mylar source and the sample-source sandwich was placed in a dry nitrogen atmosphere inside a temperature-controlled chamber. OrthoPositronium pick-off annihilation characteristics (s 3 , I 3 ) were measured. A source correction was used based on the oPs source component for control samples of annealed pure aluminium. Data points represent the average of one to five spectra, and error bars represent the population standard deviation.
Conductance measurements have been described elsewhere [4] . Briefly, a locally designed multisample conductance cell with cylindrical sample compartments was employed. During the conductivity run, the temperature was ramped up at a steady rate of 0.2 jC/min under the control of a Shimaden Digital Temperature controller. Conductivity was obtained by measuring the complex impedance of the cell between 20 Hz and 1 MHz using a HP 4284A Impedance Meter.
Thermal analysis methods have been described elsewhere [4] . The thermal properties were measured using a Perkin-Elmer Model 7 Differential Scanning Calorimeter (DSC) at a heating rate of 20 jC/ min.
Ambient temperature scanning electron microscopy (SEM) was performed on the as-grown P 12 TFSA powder with a Philips XL30 Field Emission Gun (FEG) SEM. Samples were transferred into the microscope observation chamber through a Polaron LT7400 cryoprep stage and placed under a vacuum of at least 3.7Â10
À6 mbar. The complete dryness of the samples meant that sublimation under high vacuum was not a problem. Images were acquired with a secondary detector to reveal detailed surface topography. A low accelerating voltage of 2.0 kV was used to minimise sample charging and damage. Gold sputtering was not required as evidenced by the adequate spatial resolution attained. Fig. 1 presents the thermal analysis results for P 11 TFSA and P 12 TFSA. The DSC of P 11 TFSA shows up to three phase transitions below the melting point. There is a weak endotherm at À41 jC, which is assigned to the phase IV to Phase III transition. This is followed by a broad phase transition III to II, which starts at about À19 jC, reaches a peak at 26 jC and completes at 36 jC. Phase transition II to I is another broad transition, starting far below the peak temperature at 81 jC. A sharp peak corresponding to the melting point is observed at 137 jC. The fusion entropy was measured to be 51 J mol À1 K À1 , which is much higher than the 20 J mol À1 K À1 criterion for the existence of plastic crystal phases as suggested by Timmermans [2] . The sum of the entropy changes of the three solid-state phase transitions is about 40% of the fusion entropy. P 12 TFSA, as reported previously [5, 10, 11] , shows an unusual peak centered around À92 jC, which is thought to be three transitions merged together, a glass transition at À105 jC, immediately followed by a crystallisation transition at À101 jC and then followed by an endothermic transition from Phase IV to Phase III at À87 jC. A solid -solid transition from phase III to phase II appears at 14 jC. This phase transition has a long tail on the low temperature side. Another broad transition from phase II to phase I starts from about 20 jC, reaching a peak at 45 jC. Finally, sharp melting of phase I occurs at 90 jC. The fusion entropy is 25 J mol À1 K À1 , slightly higher than Timmermans' criterion. The sum of the entropy changes of the three phase transitions is 68% of the fusion entropy change.
Results and discussion
Both P 11 TFSA and P 12 TFSA go through a series of broad phase transitions below their melting points, indicating progressive transformation from the ordered phase into disordered phases in both cases. As suggested previously [4] , fusion entropy equal to or higher than 20 J mol À1 K À1 could be a reflection of the fact that Timmermans' observations applied mainly to molecular compounds whereas in the case of ionic plastic crystals, such as P 11 TFSA and P 12 TFSA, potentially only the cation or the anion possesses rotational degrees of freedom in the plastic phase. The smaller entropy changes of P 11 TFSA below the melting point as compared to P 12 TFSA suggest that P 11 has lower rotational freedom than P 12 . Fig. 1 is marked at the four temperatures (À25, 0, 25, 50 jC) at which the conductivity and vacancy characteristics are compared in Table 1 . Conductivities of P 11 TFSA and P 12 TFSA have been reported elsewhere [5, 10, 11] . Table 1 shows that P 12 TFSA has a higher conductivity than P 11 TFSA at the temperatures reported here. Similarly, the P 12 TFSA salt has larger vacancies and a greater concentration of vacancies, as indicated by s 3 and I 3 , respectively, than the P 11 TFSA salt over the temperature range investigated. The PALS s 3 data, related to vacancy size, are directly compared with conductivity data for P 12 TFSA in Fig. 2 . The s 3 data show that, on heating, the transitions from plastic crystal phases III to II (15 jC) and II to I (45 jC) and on to melting (86 jC) are accompanied by an increase in the vacancy expansion coefficient (represented by ds 3 /dT). These features marking the phase transitions are also evident in the PALS I 3 data as a function of temperature [12] . These PALS results agree with NMR results [3] that suggest a gradual onset of diffusional motion in these phases rather than a sudden onset of motion at a solid -solid phase transition. The conductivity data (shown in Fig.  2 ) bear a remarkable resemblance to the PALS Fig. 1 . Thermal analysis results for P 11 TFSA and P 12 TFSA. vacancy data suggesting that the conduction mechanism in these plastic crystal phases may be described using a vacancy model. This model is the subject of current work. The size and concentration of vacancies in plastic crystals are expected to have an effect on plasticity [3] . Plasticity involves the net movement of dislocations via the mechanism of slip. Their generation can occur during crystal growth, mechanical and thermal deformation and is related to vacancy migration. The strain field associated with dislocations produces structural effects on the micron scale [13] . In organic systems, slip is dependant on the inter-and intramolecular bonding interactions. Fig. 3 shows an SEM micrograph at magnification of f2000Â with the P 12 TFSA morphology comprising a complex array of periodic slip planes that appear as steps at the surface. Grain sizes vary markedly but grain boundaries are clearly resolved. Fig. 3 shows evidence of sub-grain slip planes that terminate at grain boundaries, which retain their coherency. The slip planes occur along a distinct crystallographic direction (undetermined) and correspond to the most favourable slip direction. Introduction of slip is thought to be a consequence of mechanical loading of the sample and highlights the plasticity of the system. It can be noted that no slip planes have been observed in P 11 TFSA at room temperature. Future work will involve the study of the effect of mechanical deformation on the vacancy structure and dynamics in these plastic crystal phases.
Conclusions
In order to tailor the conductivity of solid electrolyte materials, it is necessary to understand the mechanism of conduction and the potential for materials chemistry to significantly alter the values of conductivity. On the basis of PALS measurements over a wide temperature range through several phase transitions, we construct the link between vacancies, rotational/orientational disorder, and conductivity in plastic crystal phases of pyrrolidinium TFSA salts. A comparison of P 11 and P 12 TFSA salts shows that the ethyl substituent (in place of methyl) results in higher rotational freedom, higher vacancy concentration, larger vacancy size and higher conductivity. The PALS measurements can be interpreted using a vacancy model similar to that invoked by Lightbody et al. [9] and others in plastic crystals. The PALS data reported here support the notion that vacancy size and concentration aid rotational disorder and the associated plasticity, diffusion, and conductivity in plastic crystals of pyrrolidinium TFSA salts.
